Highly-excited Rydberg atoms have strong long-range interactions resulting in exotic optical properties such as large single photon non-linearities and intrinsic bistability. In this paper we study optical-driven non-equilibrium phase transitions in a thermal Rydberg gas with a sensitivity two order of magnitude higher than in previous work. In this regime we can elucidate the effect of interactions on the bistable optical response, and exploit different branches in the potential in order to study multi-component Rydberg gases with a rich of phase diagram including overlapping bistable regions. In addition, we study the effect of polarization on the width of the hysteresis loop. Finally, we observe that the medium exhibits a dynamical instability resulting from the competing dynamics of excitation and decay. [4, 5] . Central to these phenomena is the dipole blockade mechanism [6] , where one Rydberg excitation induces a change in the excitation energy of neighboring atoms. Continuous driving of an ensemble results in exotic non-equilibrium phenomena such as collective quantum jumps [7] , and non-equilibrium phase transitions [8] [9] [10] , leading to optical instability [10] . Non-equilibrium physics is particularly important because of its wider significance to other fields where most systems fall into this category. The degree of control offered by Rydberg atoms makes it a useful platform to explore analogies with more complex phenomena such as photosynthetic energy exchange [11, 12] , and non-equilibrium dynamics in economics, ecosystems and climate [13] .
Highly-excited Rydberg atoms have strong long-range interactions resulting in exotic optical properties such as large single photon non-linearities and intrinsic bistability. In this paper we study optical-driven non-equilibrium phase transitions in a thermal Rydberg gas with a sensitivity two order of magnitude higher than in previous work. In this regime we can elucidate the effect of interactions on the bistable optical response, and exploit different branches in the potential in order to study multi-component Rydberg gases with a rich of phase diagram including overlapping bistable regions. In addition, we study the effect of polarization on the width of the hysteresis loop. Finally, we observe that the medium exhibits a dynamical instability resulting from the competing dynamics of excitation and decay. Highly-excited Rydberg atoms have exaggerated atomic properties [1] offering enormous potential for applications in quantum information processing [2] , quantum optics [3] and quantum many-body physics [4, 5] . Central to these phenomena is the dipole blockade mechanism [6] , where one Rydberg excitation induces a change in the excitation energy of neighboring atoms. Continuous driving of an ensemble results in exotic non-equilibrium phenomena such as collective quantum jumps [7] , and non-equilibrium phase transitions [8] [9] [10] , leading to optical instability [10] . Non-equilibrium physics is particularly important because of its wider significance to other fields where most systems fall into this category. The degree of control offered by Rydberg atoms makes it a useful platform to explore analogies with more complex phenomena such as photosynthetic energy exchange [11, 12] , and non-equilibrium dynamics in economics, ecosystems and climate [13] .
Generally, it was thought that the observation of nonequilibrium phase transitions in a light-matter system required optical cavity feedback [14] [15] [16] ; or the cooperative response from resonant dipole-dipole interactions [17] observed at cryogenic temperatures [18] . In constrast, Rydberg media offer direct observation of non-equilibrium phase transitions without cryogenics or cavity feedback [10] . In previous work the phase transition was detected either via population shelving or exciting state fluorescence. The limitations of these techniques is that the read-out depends on the population of the Rydberg state and generally the observed linewidths and lineshifts are quite large, of order a few hundred megahertz [10] .
Here, we report on the direct detection of an optically driven non-equilibrium phase transition using electromagnetically induced transparency (EIT) [19, 20] . This has the advantage that we can achieve much narrower linewidths resulting in a sensitivity two orders of magnitude higher than in previous work [10] . In this regime we observe new phenomena such as multi-region bistabilty resulting from different branches in the interaction potential, polarization effects, and a new dynamical instability which depends on polarization of the light. As the theory of driven-dissipative non-equilbium dynamics is extremely demanding, our results should provide important pointers for benchmarking of different theoretical approaches [21] [22] [23] [24] . We show that a simple mean field model with both attractive and repulsive Rydberg dipole-dipole interactions can result in the observed double bistabilty, however, a more sophisticated analysis will be needed to explain the full range of phenomena observed. Fig. 1 illustrates the experimental setup and level scheme.
The probe laser excites ground state atoms in Rubidium 85, labelled |g correponding to the 5S 1/2 (F =2) state, to an intermediate state |e , 5P 1/2 (F =3), with a detuning Δ p . The probe laser is split into two beams and one is overlapped with a counterpropagating coupling laser that is resonant with the transition from |e to a Rydberg state |r , nD 3/2 , such that the Doppler effect in the EIT spectra is reduced by a factor -v (ω p -ω c )/c, where v is the velocity of atoms, ω p and ω c denote the angular frequency of probe and coupling fields. The probe and coupling lasers have Rabi frequencies Ω p and Ω c , respectively.
The probe fields are focused into the center of the Rubidium 85 ( 85 Rb) vapor cell (∼5 cm) with beam waists of 31 μm. The temperature of cell is 50°C, corresponding to atomic density of 1.5×10
11 cm -3 . The coupling laser operating at 480 nm has a power of 750 mW and is focussed to a beam waist of 18 μm. We obtain an EIT spectrum by detecting the probe light while scanning the frequency of coupling laser. We set the frequency of probe laser nearresonant with the |g →|e transition. By using another probe beam (probe 1) as a reference, we obtain an amplified differential probe of the transmission DD shown in Fig. 1(b) . Typical spectra are shown in Fig. 2 . We observe a much smaller linewidths than in previous work. For example in Fig. 2(d) we obtain a sensitivity of optical bistability of < 1 MHz comparing to a few hundred megahertz observed in Ref. [10] .
Also immediately apparent in Fig. 2 (a) is that we observe some new features in the spectra. In particular, there is a phase transition on both the red and the blue side of resonance, which can sit on top of one another when the probe is very weak as shown in Fig. 2(d) . This near-resonance bistability displays extreme sensitivity to the phase transition.
The obvious question is whether this double bistability could arise to different bracnhes in the interaction potential. As we are exciting D-state Rydberg atoms we know that the Rydberg level is degenerate and that the effect of interactions splits this degeneracy with states moving to both lower and higher energy. To model this effect we develop a mean-field which includes the different terms in the D-state interaction potential.
Considering of a system of N atoms continuously excited by a laser from the ground state to a Rydberg state. In order to model the different branches in the interaction potential we treat the gas as a mixture of two species with N A and N B atoms, N A +N B =N , as shown by Fig.  1(a) . We note that this is an oversimplification as there are more than two components as we shall see later. The Hamiltonian for this two-component system, in the in- teraction picture, under rotating-wave approximation, is ( = 1)
with
where q defines the q-th atom, with respective to the i-th and j -th atom in components A and B. The interaction strength V A and V B corresponds to attractive and repulsive branch in the full dipole-dipole interaction between D-states. To obtain an EIT lineshape for the twocomponent mixture we solve the master equatioṅ 
where ε 0 is the permittivity of vacuum, μ eg is the electric dipole matrix element related to the transition between levels |e> and |g>. 
The calculated transmission profile of the probe field is shown in Fig. 3 . We see that there are regions of instability both above and below resonance which reproduces the observation of bistability on red-and blue-side of observed experimentally in Fig. 2 . The two phase transitions are induced by the two components which were associated with negative and positive level shifts V A and V B , respectively. We can relate the negative and positive shifts back to the specific Rydberg states involved. The dipole-dipole energy shift is
where Δ is the Förster energy mismatch, sign is the Signum function, D ϕ C 3 /R 3 is the dipole-dipole interaction strength dependent on distance between Rydberg atoms, D ϕ is the coefficient depending on angular (Clebsch-Gordan) coefficients [25] . In Rubidium, the dipole-dipole shift can be red-or blue-shifted when the D states strongly couple the F states [25] . Because the Förster channel nD 3/2 +nD 3/2 →n+1F 5/2 +n-1F 5/2 or nD 3/2 +nD 3/2 →n+2F 5/2 +n-2F 5/2 contribute to the positive energy shift, whilst another Förster channel nD 3/2 +nD 3/2 →n+1F 5/2 +n+1F 5/2 or nD 3/2 +nD 3/2 →n+2F 5/2 +n+2F 5/2 induce the negative energy shift.
Although, a simple two component steady-state meanfield model, Fig. 3 , at least qualitatively accounts for the observed double bistability, it cannot account for the Transmission ∆c/2 (MHz) Figure 3 . The theoretical simulated transmission of probe 2 field under the conditions of Ωc=5.5 Γ, Ωp=2.5 Γ, Γr =0.5 Γ, Γe =6 Γ, Δp=0 with coupling coefficients η1=0.7 and η2=1. The spectra correspond to conditions of VA=-100 Γ, VB =90 Γ (black); blue dots VA=-50 Γ, VB =45 Γ (blue); and red dots VA=0 Γ, VB =0 Γ (red) respectively. overlapping bistability of Fig. 2(d) , and we also observe other phenomena which motivate a more sophistication model of the full multi-component dynamics involving more than two states. Our detection methods allow us to exploit the polarization degree of freedom as the probe and couple beams may be either equally or orthogonally polarized. By varying the polarization we can investigate the effects of different magnetic sub-levels and the angular dependence of the interaction.
In Fig. 4 we show the effect of changing the polarization of the coupling beam when the Rydberg laser is tuned to a D-state with principle quantum number n = 70. The hysteresis loop closes when the polarizations of the probe and coupling fields become orthgonal. Fig. 4(b) shows the width of hysteresis loop as a function of the angle of the inserted half-wave plate, showing a dependence on the polarization angle between probe and coupling laser beams. This dependence is linked to different interaction strengths of hyperfine energy levels nD 3/2 (m j =3/2) and nD 3/2 (m j =1/2). The dipole-dipole interaction strength of m j =3/2 is larger than m j =1/2, which coincidentally results in different widths of the hysteresis.
When the hysteresis loop is nearly closed we observe the appearance of an optical instability (shown in Fig. 5(b) ). The instability can be understood in terms of a competition between the multi-component non-equilibrium phases and population transfer between Zeeman sub-levels due to Larmor precession. The instability is sensitive to the fluctuations of the laser field, it tends to occur when the probe laser is frequency modulated, which suggests that the process needs a seed but there is not a deterministic relationship between the frequency modulation and the dynamics of the instability. In order to characterize the time response of the system during the instability process we set the detuning to Δ c ∼-2π×25.5 MHz and record the transmission spectrum verses time. There are many collective jumps in spectrum (Fig. 5(c) ). The fourier spectrum contains white noise plus a component at the modulation frequency demonstrating the significance of the seed. The enlarged collective jump shown in Fig. 5(d) shows an exponential decay corresponding to a Rydberg lifetime of 29 µs, close to the expected lifetime of 70D 3/2 Rydberg state at 320 K. We simulate the recovery process with Rabi freqeuncy of 0.065 MHz, shown by red line in Fig.  5(d) . These timescales give a useful impression of the natural response time of the medium.
In summary, we study experimentally an optically driven non-equilibrium phase transition in a Rydberg gas using EIT. In contrast to previous work based on a strong probe [10] , we achieve a much higher frequency sensitivity and can observe coherent effects such as overlapping multi-component phase transitions. We observe a double hysteresis in agreement with a two-component static mean-field model. We also see a polarization dependence that relates to the angular dependence of the interaction potentials, and the appearance of an optical instability. Our results highlight the rich range of non-equilibrium phenomena that are accessible in a relatively simple experiment, and provide observational data that is the key to benchmarking of theoretical models. Finally, the extreme sensitivity of non-equilibrium systems to small perturbation makes them very attactive for applications in sensing of, for example, microwave or terahertz fields. Our work contributes to the deeper understanding of the underlying physics which brings such application a step closer.
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